Summary: Circular RNAs (circRNAs), a novel class of endogenous RNAs, are widespread in eukaryotic cells. Emerging roles in diverse biological processes suggest that circRNA is a promising key player in RNA world. Most circRNAs are generated through back-splicing of pre-mRNAs, forming a covalently closed loop structure with no 5' caps or 3' polyadenylated tails. In addition, most circRNAs were not associated with translating ribosomes, therefore, circRNAs were deemed to be noncoding. However, the latest research findings revealed that some circRNAs could generate proteins in vivo, which expands the landscape of transcriptome and proteome. To gain insights into the new area of circRNA translation, we introduce an integrated tool capable of detecting circRNAs with protein-coding potential from high-throughput sequencing data.
Introduction
Circular RNA (circRNA) with covalently closed loop structure was first discovered in 1990s, but it has been dismissed as transcriptional noise until recently (Cocquerelle et al., 1993; Nigro et al., 1991) . The advance of high-throughput sequencing technology enables the comprehensive detection of circRNAs. Emerging evidence suggests that circRNAs are widespread in eukaryotic transcriptomes (Wang et al., 2014; Ye et al., 2015) and play important roles in diverse biological processes, such as human diseases (Chen et al., 2016b; Meng et al., 2016) .
Although artificial circRNA with an internal ribosomal entry site (IRES) was able to be translated in vivo (Wang and Wang, 2015) , it was believed that endogenous circRNAs were not translated since most of them were not associated with polysomes (Guo et al., 2014) . However, recent studies have revealed that endogenous circRNAs could generate proteins and the circRNA-derived proteins play important roles in cellular responses to environmental stress and myogenesis, thereby increasing the complexity of transcriptome and proteome (Legnini et al., 2017; Pamudurti et al., 2017; Yang et al., 2017) . Although circRNADb annotates known human circRNAs with protein-coding potential based on IRES elements (Chen et al., 2016a) , a de novo tool for the identification of circRNAs with protein-coding potential from high-throughput sequencing data is still needed.
High-throughput sequencing technology coupled with bioinformatics approaches is quite important in current life science research. Total RNA or poly(A) depleted RNA sequencing has been widely used to identify circRNAs on a genome-wide scale. Ribosome profiling (Ribo-Seq) is a technique that allows the genome-wide investigation of RNAs with translation potential. CIRI2 is a de novo circRNA detection tool which outperforms other widely used tools (Gao et al., 2017) . To identify back-spliced junction reads from high-throughput sequencing data, an adapted maximum likelihood estimation based on seed matching is adopted by CIRI2. However, CIRI2 does not offer the sequences of identified circRNAs, thereby it is hard to conduct further analysis based on their sequences for experimental biologists. Although CIRI-AS identifies circRNA isoforms (Gao et al., 2016) , the core algorithm for circRNA detection Applications Note is derived from the previous version CIRI (Gao et al., 2015) . CPC is a SVM-based tool to assess the protein-coding potential using sequence features (Kong et al., 2007) . Notably, CPC is able to discriminate coding from noncoding transcripts with high accuracy. To gain more insights into the novel layer of gene activity, comprehensive identification of circRNAs with protein-coding potential is the first step. Here, to facilitate the biologists to realize this, we present an integrated tool, CircPro. As an automated highthroughput data analysis pipeline, it is capable of detecting circRNAs, predicting their protein-coding potential and discovering junction reads from Ribo-Seq data.
Implementation
Based on total/poly(A)-RNA-Seq and Ribo-Seq data, CircPro enables users to discover circRNAs with protein-coding potential. The workflow of CircPro is presented in Figure 1 . It is composed of three modules as below:
The total/poly(A)-RNA sequencing reads are mapped to reference genome using BWA-MEM (Li, 2013) . The generated SAM alignment is used by CIRI2 for de novo detection of circRNAs. The gene annotation in GTF file format is used to classify the identified circRNAs based on exon boundaries.
• Module 2: protein-coding potential score To calculate circRNA coding potential score, first, CircPro extracts circRNA sequences. For the exonic circRNAs, CircPro identifies their isoforms based on their linear transcript annotations. Then, CPC is used to assess the protein-coding potential of circRNAs. This procedure will generate the coding/noncoding classification, the coding potential score and the information of open reading frame (ORF).
• Module 3: junction reads from Ribo-Seq First, the Ribo-Seq reads are processed by removing adaptors using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index. html). Then, the reads are mapped to rRNA library, such as Ensembl (Aken et al., 2017) and RFam (Nawrocki et al., 2015) , to remove the rRNAs. The cleaned reads are mapped to reference genome using Bowtie2 (Langmead and Salzberg, 2012) . The unmapped reads extracted from the alignment SAM file using SAMtools (Li et al., 2009) are further mapped to the library of circRNA junction sites, which is constructed by extracting N nucleotides from both sides of the junction site (N is the length of Ribo-Seq reads). Finally, CircPro generates a final circRNA list including the information of genomic position, type and junction reads from RNA-Seq and Ribo-Seq.
In addition, CircPro provides the sequences of circRNA and possible proteins translated from circRNAs with protein-coding potential in FASTA format. Further research on the sequences of circRNAs and circRNAs-derived proteins will shed light on their potential functions.
Results
To demonstrate the power of CircPro, we tested it on real biological sequencing data. The total RNA-Seq and Ribo-Seq samples from human MCF7 cell lines were downloaded from GEO (https://www. ncbi.nlm.nih.gov/geo/; Accession number: GSE78663, GSE96643). Human genome reference GRCh38, gene annotation file and rRNA sequences were downloaded from Ensembl (http://www.ensembl. org/index.html). The raw FASTQ files were used as inputs of CircPro. Finally, CircPro identified 2036 circRNAs, of which 1791 (87.97%) were exonic circRNAs (see Supplementary Table S1 ). There were 416 circRNAs were associated with ribosomes, which were supported by at least one junction read from Ribo-Seq and 99.35% of them contain a sufficient long ORF (150nt). Particularly, 6 out of 10 polysome-associated circRNAs validated by Yang et al. (Yang et al., 2017) were detected in our study (Supplementary Table S2 ). In addition, the circRNAs generated from ZFX, SP3 and FAM20B were also associated with ribosomes, suggesting that they may also be translated in MCF7 cells. We consider that the differential expression and translation between diverse cell lines make it unable to detect other circRNAs in MCF7 cells.
Conclusions
Detection of circRNAs is an important step for in-depth study of circRNA function and translation. CircPro is a user-friendly tool to detect circRNAs with protein-coding potential from highthroughput sequencing data, thus facilitating the investigation of circRNA translation as well as novel functions of circRNAs and circRNA-derived proteins.
